Controlling propagation of spatial coherence for enhanced imaging
  through scattering media by Bhattacharjee, Abhinandan et al.
Depth free imaging through scattering medium
Abhinandan Bhattacharjee, Shaurya Aarav and Anand Kumar Jha∗
Department of Physics, Indian Institute of Technology Kanpur, Kanpur 208016, India
(Dated: October 16, 2018)
Depth free imaging through scattering medium is a critical problem in numerous situations such
as biological imaging, visibility through fog, navigation, etc. Light sources with low spatial coher-
ence area produce good contrast images in a scattering environment. However, increase in spatial
coherence area with propagation nullifies this advantage, resulting in decreasing image contrast with
increasing depth. In this article, we address this issue by using a propagation-invariant spatially
partially coherent source to experimentally attain equal contrast images of various transverse planes
at different imaging depths. Our simple technique can have several important implications.
Depth imaging of an object through a scattering
medium has vital importance in a wide range of real-
world applications. It requires imaging various trans-
verse planes along the depth of the object. For exam-
ple, efficient imaging of tumor-like three-dimensional ob-
jects through bodily fluids are essential in the field of
medical diagnosis or bio-medical imaging [1–6] where the
three-dimensional tumor is usually visualized as many
two dimensional transverse planar objects stacked to-
gether. Also, imaging of objects at different depths
through atmospheric fog [7–9] in real-time is inevitable in
daily life scenarios such as railways, navigation, and road
transports. Thus, the availability of an efficient imaging
scheme for physical objects through scattering media can
be used in many imaging applications.
A scattering medium degrades the image resolution or
quality by introducing random phase variations in the in-
cident beam. This results in a random interference pat-
tern or speckle pattern [10] which modulates the overall
intensity of the image. Thus, it becomes difficult to re-
trieve the object information from such a noisy image.
This issue can be addressed in the following ways: imple-
menting computer algorithms to reconstruct the object
from a noisy image; better light sources can be used to
attain less-noisy images; or both. For computational im-
age reconstruction, various algorithms are used; namely,
phase conjugation [12, 14], transmission matrix measure-
ment [11] and wave-front shaping technique [13, 15] These
techniques require extensive computational effort and
also do not yield the image in real-time. These draw-
backs make them expensive to implement in large-scale
applications and unsuitable for the situations where hu-
man observers perform the imaging task, or real-time
imaging is required.
Another solution is the use of light sources with low
spatial coherence area. It has been shown that these
light sources are ideal for imaging a 2D object in scatter-
ing environments [16–21] in real-time. They are widely
used in microscopy [22, 23], wide field Optical Coherence
Tomography (OCT) [24, 26] etc. Also, the benefits of
a low spatial coherence field are combined with that of
a reconstruction algorithm to produce superior contrast
images in near real-time [29, 30]. However, extending the
advantages of low spatial coherence of a source to get
equal contrast images of various transverse planes along
the depth, remains a challenge.
Conventional partially spatially coherent sources are
spatially non-propagation invariant (NPI), like Light-
Emitting Diodes (LED) and Gaussian Schell Model
sources. The spatial coherence area of these sources in-
creases on propagation from the source [31]. In recent
years, several experiments have been reported to image
three-dimensional objects [32–34] with NPI sources. But
none of these experiments have produced images with
similar contrast at all depths of the object. These sources
lose their advantage on increasing the depth due to an
increase in their spatial coherence area with propagation.
Thus, they fail to achieve depth free images.
In this article, we demonstrate a technique that allows
the formation of depth free images through various scat-
tering media using a propagation-invariant (PI) partially
coherent light source [35]. This is made possible due to
the fact that the spatial coherence area of such does not
change on propagation. To compare our imaging scheme
with existing schemes, we perform imaging experiments
with an NPI source also. First, as a proof of principle,
we image a transparent object at various depths for dif-
ferent strengths of the scattering medium and compare
their image qualities. Next, we undertake a more realis-
tic scenario in the form of a reflective object and image it
at various depths through a scattering medium. In both
cases, the PI source forms depth free as well as better
images than the traditional NPI source.
Consider the situation in fig. 1(a). A spatially partially
coherent source is used to image a transverse planar ob-
ject through a scattering medium. A lens L is kept at a
distance u = z1 + z2 from the object to form an image
on a CCD camera. The propagation distance between
the source and the object plane z defines the depth of
the object. We change the depth by changing z. Sup-
pose, O(α) is the amplitude transmittance of the object
and is illuminated by a field having cross-spectral density
Ws(∆α, z) at the plane of the object. The cross-spectral
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2FIG. 1: (color online) Schematic illustration of imaging an
object through the scattering medium. By changing the z,
we image this object at the different depth.
density of the field just after the object plane is
W (α2, α1, z) = Ws(∆α, z)O
∗(α1)O(α2) (1)
where ∆α = α2 − α1. Using the propagation equation
for the cross-spectral density in Ref. [31, 36], the form of
the intensity at the image plane is given by
I(y, z) = W (y, y, z) =
∫∫ ∞
−∞
Ws(∆α, z)O
∗(α1)O(α2)
e
− ik02z1 (α
2
2−α22)F ∗(α1, y)F (α2, y)dα1dα2
(2)
where
F (α, y) =
∫ ∞
−∞
∫ d
−d
T (β)e
− ik0u2z1z2 β
2
e
− ik0z12z2u ζ
2
e
ik0(
αβ
z1
+
βζ
z2
+
ζy
v )dβdζ
T (β) is the transmission function of the scattering
medium, z1 is the distance between scattering medium
and the object, z2 is the distance between the scattering
medium and lens, 2d is the diameter of the lens, k0 =
ω0
c ,
ω0 is the frequency of the light field. In this problem we
are interested in the effect of source spatial coherence on
the image. So, we keep the imaging system and distance
z1 same for each depth of the object and vary the depth
(z) by changing the location of our light source. Eq. (2)
shows that the image depends on the depth of the ob-
ject through the cross-spectral density of the source. If
the source is NPI, the z dependence stays and the im-
age quality changes on changing depth. However, for PI
sources, the cross-spectral density function is inherently
independent of z [35], and the image is thus, depth-free.
In our first experimental demonstration, the depth free
images are formed by PI sources, we image a transparent
object as shown in fig. 2.(a) at various depths (z) through
the scattering media of different strengths. For the scat-
tering media, we use ground glass plates are prepared in
our lab. In the supplementary section, we explain how
we characterized the scattering strengths of these ground
glass plates. Preparation of the PI source is outlined in
Ref. [35]. It is constructed by placing a spatially incoher-
ent source at the back focal plane of a converging lens.
Its spatial coherence area is proportional to (λfa
)2
where
f is the focal length of the lens, a is the length of the
incoherent source and λ is the wavelength of the light.
We use a LED as the spatially incoherent source in this
experiment. For an NPI source, we use the same LED
but without a lens, whose spatial coherence area is pro-
portional to (λza )
2. As we see, the spatial coherence area
of the NPI source increases with increasing depth.
Fig. 1 shows the schematic diagram of the experimen-
tal setup. In the experiment, we change the depth (z) by
changing the source’s position. Thus, the imaging con-
dition and the distance between the object and the scat-
tering medium (z1) remain the same for different depths.
The CCD camera records the images of the object for
various depths. The camera images have normalized such
that maximum value of the most intense pixel is one. Fig.
2(b) shows the normalized images of the object for both
PI and NPI sources for each depth through different scat-
tering strengths (Weak, Moderate and Strong). Images
are produced by PI source remains almost similar for all
depths whereas they deteriorate for NPI source with the
increasing depth. Visual inspection clearly shows that PI
source produces better images of the object compared to
NPI sources at higher depths for all scattering strengths.
Here, we quantify the image quality by looking at the
contrast of the image. To calculate the contrast for a
specific depth and scattering strength, we take a one-
dimensional slice of the in the red dotted region (fig. 2(b)
bottom left) of the each image along the vertical direc-
tion by averaging over 100 horizontal pixels about the
image center. Using contrast C = Imax−IminImax+Imin , we calcu-
late the contrast of each slit, where Imax and Imin are the
maximum and minimum intensities for each slits. Aver-
aging the three individual slit contrasts, we attain the
contrast of the image. The histogram in fig. 2(c) shows
the contrast calculated at each depth for different scat-
tering strengths for both sources. The contrast at the
first depth (z = 15cm) is almost the same for both PI
and NPI sources for all scattering strengths. But with
the increase in depth for a specific scattering medium,
the contrast remains uniform for PI while for NPI it de-
grades. In the case of the NPI source, the image contrast
at the last depth reduces to 50%, 35% and 15% of its first
depth for weak, moderate and strong scattering strengths
respectively. Thus, at higher scattering strengths, the
image contrast falls drastically with an increase in depth
for NPI sources while it stays uniform for PI sources.
Next, we demonstrate the same depth-free benefit of
the PI source for a more realistic situation. Fig. 3(a)
3FIG. 2: (color online) (a) Image of the object with out any scattering medium. (b) and (c) Images and visibility histogram of
the object are generated by PI and NPI sources at different depths with different scattering medium strengths.
shows the schematic diagram of the experimental setup.
This setup describes a situation where light incidents on
an object through a scattering medium, and then, it is
reflected from the object through the same scattering
medium to form an image in an observer’s eyes. Such
examples include common daily life scenarios like look-
ing through fog or a dirty glass window. Here, we use
rough plastic sheets as a scattering medium. For a weak
scattering medium, we use a single plastic sheet, and for
a strong scattering medium, we stick four thin plastic
sheets together. Like the earlier case, here also we shift
the light source to change depth and keep other compo-
nents fixed. Fig. 3(b) shows an image of our object (State
Bank of India (SBI) ATM logo) without any scattering
medium.
Like the previous case, here also we normalize our cam-
era images.The normalized images for different depths (z)
through weak and strong scattering media with PI and
NPI sources are shown in fig. 3(c). In the presence of
the weak scattering medium, the image contrast appears
to deteriorate for the NPI source with increasing depth
while it remains same for the PI source. In the presence
of the strong scattering medium, the NPI source fails to
legibly image the object at any depth when compared to
the PI source. Qualitatively, the images generated by the
PI source matches more closely with the original image
than those produced by the NPI source for both weak
and strong scattering media.
The above experiments illustrate that PI sources are
ideal for forming depth free images in different scattering
environments. Its implementation is simple as it requires
a commercially available LED and a lens. Furthermore,
the spatial coherence area of such a source can be in-
creased or decreased conveniently by using different LED
arrays or changing the lens, for suiting special conditions.
In conclusion, we presented an imaging scheme to
achieve depth free images of an object through different
scattering media. We used the PI source to produce sim-
ilar contrast images for each depth. To verify our claim,
we imaged a transparent object with both PI and NPI
sources at different depths through thin scattering media
of different strength. Results showed that the PI source
produces almost equal contrast images at different depths
4FIG. 3: (color online) (a) Schematic diagram of the experimental setup. The depth of different object planes are denoted by
(z). (b) Image of the object without any scattering medium. (c) Images generated by NPI and PI sources at different z for
weak and strong scattering medium.
whereas image contrast decreased with depth for the NPI
source. Next, we imitated a more realistic scenario with
a reflective object and showed the superior nature of the
PI source. Depth free images obtained using PI sources
provide better images through natural scattering media
like fog, rough glass window, etc. than conventional NPI
sources as the increase in depth nullifies the efficiency of
the latter. Thus, PI sources are a convenient imaging
tool in such cases where the imaging is done at different
depths. No requirement of post-processing to achieve
better images through scattering media combined with
its simple implementation, this source can be used for
mass usage on roads, in cars and railways to enhance
the visibility of objects in poor weather, in real time.
Also, the depth-free advantage can be used to improve
the images of three-dimensional objects in bio-medical
imaging, like the brain, tumors, suspended in a scatter-
ing medium, like body fluids, by efficiently imaging the
object as a stack of many two-dimensional object planes.
Methods
For a transmissive object, a rectangular shaped red
LED (λ = 630nm) of size 0.8mm is kept at the back focal
plane a converging lens of focal length 10cm to produce
the PI source. We use the same red LED for the NPI
source. The distance between each depth and scattering
medium is 5cm. We use lens L of focal length 10cm to
image the double slit with the magnification of 3 at the
plane of the CCD camera of 1024×1280 pixels. The size
of each pixel is 5µm. In case of the reflective object,
the distance between each depth and scattering medium
is 5cm. The thickness of our thin and thick scatterer
are 1mm and 8mm respectively. Here, we demagnify the
image by 3 times with a 10cm focal length lens.
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